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Overview

Timeline Barriers
« Task Start: 10/1/14 » Barriers Addressed
. . — By 2022, further reduce EV battery-pack cost
Task End: 9/30/19 10 $80-100/kWh.
« Percent Complete: — Advanced Li-ion XEV battery systems with
70% low-cost electrode architectures.

— Achieve deep discharge cycling target of
1000 cycles for EVs by 2022,

Budget Partners
» Total task funding « Interactions/Collaborations
— $3600k > National Laboratories: ANL, SNL, INL
) »  Universities: KIT, SUNY-Binghamton
° $700k In FY16 » Battery Manufacturers: XALT Energy, Navitas Systems
R : » Material/Process Suppliers: PPG Industries, TODA
$700k In FY17 America, Superior Graphite, ConocoPhillips, IMEYS,

JSR Micro, Solvay Specialty Polymers, Ashland,
PneumatiCoat

»  Equipment Manufacturer: Frontier Industrial Technology,
B&W MEGTEC, DataPhysics

* Project Lead: ORNL
OAX RIDGE | {41088 00
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Relevance & Objectives

 Main Objective: To improve cell energy and power density and
reduce battery pack cost by manufacturing thick electrodes with
tailored electrode architecture via aqueous processing and
utilizing high energy high voltage cathode materials.

* Objectives in this period

— Fabricate thick and crack-free composite cathode via aqueous
processing

— Create laser structured electrodes
— Evaluate compatibility of high Ni-NMC with aqueous processing

— Investigate potential application of aqueous processing for high Ni-
NMC

— Characterize surface energy of electrodes
— Demonstrate energy density =225 Wh/kg (cell level)

Jianlin Li, DOE Annual Merit Review, June 19, 2018

OAK
RIDGE

National Laboratory

: Rechargeable battery
Voltage: 3.7-4.5V
o Capacity: 100mAh-7Ah
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Project Milestones

Status SMART Description
Milestones

9/30/17 Go/No-Go Decision

(Go)

-

4

3/31/18 Annual Milestone
(stretch)
To be completed
by June
3/31/18 Quarterly Progress
(‘ Measure (Regular)
./
9/30/18 Go/No-Go Decision

Gen 1 Cathode Performance Criteria: complete 1.5-Ah pouch cell rate
performance, low-rate cycling (50 0.2C/-0.2C cycles), and high-rate cycling (150
1C/-2C cycles) for cells with combined Gen 1 anode and cathode design of
graded electrode architecture > improve gravimetric energy density of baseline
cell design to 2200 Wh/kg (cell level) and demonstrate no more than 20% capacity
fade through 200 additional 0.33C/-0.33C cycles in 1.5-Ah full pouch cells.

Optimize NMC 622 aqueous dispersion formulation(s) for binder and dispersant
molecular weight and concentration (with independent carbon nanotube and active
material formulations), and quantify dispersion constituent zeta potentials; obtain
rate capability data and quantify capacity fade through at least 500 USABC 0.33C/-
0.33C cycles while demonstrating an initial cell energy density rating of 225-250
Wh/kg (with upper cutoff voltage of 4.4 V).

Demonstrate second round of 2-D and 3-D laser structured electrode samples from
KIT in Germany, and quantify rate capability and capacity retention vs. ABR anode
and cathode baseline materials.

Complete 1.5-Ah pouch cell rate performance, low-rate cycling (50 0.2C/-0.2C
cycles), and high-rate cycling (300 1C/-2C cycles) for cells with combined Gen 3
graphite anode and NMC 622 cathode structured designs. Improve gravimetric
energy density of baseline cell design to 225-250 Wh/kg (cell level) and
demonstrate no more than 20% capacity fade through 200 additional 0.33C/-0.33C
cycles.



Project Approach

* Problems:
— Electrode cracking in thick electrodes
— Mass transport limitations thick electrodes

» Technical approach and strategy:

Fabricate crack-free electrodes with high areal loading (4-8 mAh/cm?) via aqueous
processing

Create laser structured electrodes to overcome mass transport limitation

Simulate energy and power density in laser structured electrodes

Evaluate stability of high energy and high voltage cathodes (NMC622 and NMC811)
during aqueous processing

Incorporate aqueous processing to fabricate NMC811 cathodes

Characterize surface energy of composite electrodes and dependence on
calendaring to provide insights into electrolyte wetting

Characterize electrode microstructure
Evaluate rate performance and long term cyclability in pouch cells

OAK RIDGE | ¥2e 8z rarion
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Project Approach — Pilot-Scale Electrode Processing and
Pouch Cell Evaluation: DOE Battery Manufacturing R&D
Facility (BMF) at ORNL
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Technical Accomplishments — Executive
Summary

Demonstrated >80% capacity retention over 700 cycles in NMC532 cathodes
processed (4 mAh/cm?) via co-solvent (H,O/IPA 9/1).

Diagnosed capacity fade in NMC532 cathodes processed via H,O/Methyl
Acetate (MA), possibly due to hydrolysis of MA.

Created laser structured NMC532 cathodes with 2 pitch width in collaboration
with KIT, Germany.

Demonstrated 225 Wh/kg in 14-Ah pouch cells with laser structured and all
aqueous processed electrodes.

Evaluated compatibility of Ni-rich NMC (NMC622 and NMC811) with agueous
processing.

Demonstrated excellent rate performance and cyclability in aqueous
processed NMC811.

Lower rate performance observed in aqueous-processed cells is mostly due
to formulation rather than structural changes

First ever characterization of the surface energies of NMC532 cathodes and
graphite anodes and guantification of reduction in surface energy due to
calendering.
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Technical Accomplishments—Demonstrated Manufacturing

of Crack-Free NMC532 Cathode (4 mAh/cmZ) via Co Solvent
Method (FY17)
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Crack free NMC532 cathodes can be
fabricated with H,O/IPA (8/2 wt) up to

32 mg/cm? (5 mAh/cm?).
I " PENMP ~ T T T T T
\.25 mg/cm?
P 1 » Demonstrate fabrication of crack free
§32[ T thick NMC532 with co-solvent
o ] 10 » Demonstrated comparable rate
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06 2 NMC532 cathodes
04 E > Predicted crack-free NMC532 cathodes
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Technical Accomplishments—Demonstrated
>80% Capacity Retention over 700 Cycles (FY18)
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cycle number Possible degradation reason:

> ldentical cyclability from electrodes il .
via NMP and H,OIPA (9/1; 8/2) with Mo L0 M Mg gid group)

>80% capacity retention over 700 — pH reduces from 12.4 to 9.0 after 4 h mixing of
eycles NMC532 with H,0/MeOAc (90/10 wt%)

> However, the cycle life of H,0/MA — NMR identifies—CH,COOCH,;CH,0H;
(9/1 wt) formulation needs to be Z:> CH.COO-
3

improved.
Calculated 8% hydrolysis
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Technical Accomplishments—Characterization of Surface
Solid Ratio and Surface Roughness of NMC532 and A12

Graphite Electrodes (FY18) |

NMC532-NMP-55% 0.18 241

S e A NMC532-Water-55% 0.35 1.73
L e R S R, U A12-NMP-56% 0.18 1.86
() NMCS32-NMP-55%  NMC532-water-55% _A12-NMP-56% A12-water-56% A12-Water-56% 0.11 1.80
S P LSRR © T e R R A NMC532-NMP-53% 0.17 2.49
NMC532-NMP-40% 0.41 1.80

e ¢ , NMC532-NMP-42% 0.36 1.90
DI D e - Js0im NMC532-NMP-30% 0.63 1.20

. T ‘ ‘ NMC532-Water-46% 0.39 1.71
NMC532-NMP-53%  NMC532-NMP-40%  NMC532-NMP-42%  NMC532-NMP-30% A12-NMP-44% 0.35 172

17.0pm A12-Water-28% 0.47 1.47
Percentages correspond to porosity

I I « Surface roughness characterized by OP

us - (optical profilometer), AFM, SP
NMC532-NMP-55%,, .. -water-55%. .+ A12-NMP-56% .-~ A12-water-56% ..~ ] ;
C53 55% _I,”NMC532 water-55%. ., o | o | (maximum peak height)

20.8um 34.7um 24.4um

* Surface roughness highly dependent on
measurement techniques; OP was
I I I selected for high consistency

-31.8um -26.7 um -9.8um

NMC532-NMP-53%  NMC532-NMP-40% NMC532-NMP-42% NMC532-NMP-30%

optical profiling

-32.2um

« Surface solid fraction dramatically
different from bulk solid fraction, e.g.
relative density
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Technical Accomplishments— First Characterization of
Surface Energy of NMC532 and A12 Graphite Electrodes to

Provide Insights on Electrolyte Wettlng (FY18)
Owens-Wendt-Rabel-Kaelble (OWRK)

W Tota IS f ergy (mN/m)
B Disper (mN/m)
W Polar (mN/m)

5 |7y _ Vw({+c0s6)
\lysv + \/7$v \/; 7/|V Surface
cosd =rcosd Energy

cos@ = f cos@+ f,cosé,

6 and 6, are the Young’s contact angles of pure materials 1
and 2, respectively. e-contact angle; e*-apparent contact
angle; f and f, are the area fractions of material 7 and 2.

Surface Energy (mN/m)

Appare nt SU rface Energy NMC532  NMCs32  Al2 Graphite Al2 Graphite
_ NMP H,0 NMP H,0
B Total Surface Energy (mN/m) 55% 5506 56%

50 56%

B Dispersive (mN/m) e —

Bl Polar (mN/m)

- Static Advancing contact angel is used in calculating surface
energy

40

« Significant improved hydrophilicity in aqueous processed
electrodes—74.1% and 48.2% increase for NMC532 and A12
graphite, respectively

30

20

* Lower apparent surface energy and polar component with
denser electrodes

10

Apparent Surface Energy (mN/m)

DNMPS P NP0  HO4o KOO « Electrolyte wetting measurement ongoing

NMP-56%
NMC532
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Technical Accomplishments—Evaluation

of

Compatibility of NMC811 with Aqueous Processing

(FY18)

XRD Raman
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——NMC 333 After 1 wk in Water
——NMC 811 After 1 wk in Water

——NMC 333 Pristine
——NMC 811 Pristine

TEM

Pristine

After 1 wk Water
High Solids %

(. XRD shows no bulk structural changes after water exposure

* Averaged Raman spectra (= 100 spots) show no difference before and after water
exposure

* There seems a thin layer on some NMC811 particles, which may be getting thicker
and more amorphous with increasing water exposure, but results are inconclusive

\_

W,
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Technical Accomplishments— Excellent Cyclability
from Aqueous Processed NMCB811 cathodes (FY18)

« NMC 811 Cathode Recipes:

— Aqueous: 90 wt% NMC 811 / 5 wt% Carbon Black / 1 wt% CMC Binder / 4 wt% Acrylic Emulsion

— NMP: 90 wt% NMC 811 /5 wt% Carbon Black / 5 wt% PVDF Binder
« Single-layer pouch cells with aqueous- and NMP-processed NMC 811 cathodes and Superior SLC 1520T

graphite anodes

— NMC 811 Loading: 11.6 mg/cm? (aqueous) and 11.3 mg/cm? (NMP)
«  Water-exposed NMP: NMC811 powder was saturated in water for 4 h, dried, and then fabricated into

electrodes with NMP-based processing

NMC 811 Cycle Life Comparisonat 4.2V

200
\ -
150 A L

&)
c
<
£
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E
s 100 A
S
o ® 4.2V Aqueous
'8 50 7 ® 4.2VNMP
o
)
0 ||||||||||||||||||
0 200 400 600
CycleNo
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Incorporating aqueous processing with high energy and\
high voltage cathode for high energy density

Aqueous-processed cells show excellent cyclability

— Slightly higher capacity fade than NMP-processed cells after
~650 cycles

— Faster capacity fade could be due to electrode formulation
and/or slurry preparation )
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Technical Accomplishments— Excellent Rate Performance
from Aqueous Processed NMC811 Cathodes (FY18)

NMC 811 Rate Performance Comparison at 4.2V NMC 811 Rate Performance Comparison at 4.4V A” Ce”S were made |n trlpllcate
< e
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~ N . : -
 Aqueous-processed cells show identical rate performance with NMP-processed ones up to 1C and are slightly

lower at higher C-rates

«  Water-exposed NMP-processed cells show almost identical rate performance to NMP-processed cells at various
upper cutoff voltages

. \ NATIONAL
 Suggests that the lower rate performance observed in aqueous-processed cells is (N)ﬁfllﬁPEEy TRANSPORTATION

\__mostly due to formulation rather than structural chanaes _J




Technical Accomplishments—Demonstrated Laser Structured
Electrodes with Improved Rate Performance (FY18)

250um pitch

2-layer structure

| "+ NMC/carbon black/Binder=90/5/5 wt )

[0}
o

* 2-layer NMC532: 25 mg/cm?; others 29.7 mg/cm?

» Demonstrated 225 Wh/kg at 14 Ah pouch cell format (110 mm
X 148 mm)

60

20| * Rate performance significantly improved compared to 2-layer
’ design

Normalized Capacity (%)

—— Unstructured 1
rrrrr —H—Structure-250 um - re e
—— Structure-500 um ‘
—=— unstructure-2 layer

20 * Insignificant effect from laser structuring due to

large pitch and relative thin electrode (126 um)

0.01 01 1 | * Future work will be increasing electrode thickness
C-rate (C) \_ and reducing pitch size Y,
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Collaborations

» Partners 3
- : - (§) | SOLVAY
\tlonal abe: A NeloraLabrson. S rgonne @9 oL el o BML
Battery Manufacturers: XALT Energy, Navitas _ B '  UPERIOR CRAPLITE
S 2 soro )
Active Material Suppliers: TODA America, Superior Laboratories @ IMERYS TODA
Graphite, ConocoPhillips, PneumatiCoat craphieacaron  AMERICA

Inactive Material Suppliers: JSR Micro, Solvay (‘ VITaS BN =
SYSTEMS UNIVERSITY

Specialty Polymers, Ashland, IMERYS ~ "WF o N ERRRRIEER B:w
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Frontier Industrial Technology, B&W MEGTEC, | C
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Universities: KIT, Binghamton University
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FRONTIER PnoumatiCoat

» Collaborative Activities —— Ry e

Jianlin Li, DOE Annual Merit Review, June 19, 2018 National Laboratory

Characterization of surface energy and electrolyte wetting with Binghamton University (weekly discussion)
and Data Physics (quarterly discussion)

Laser structuring of thick electrodes with KIT (monthly discussion)
Binder selection and optimization with Solvay, Ashland, and JSR (bi-annual discussion)
Sharing of results with strategic battery manufacturers (Navitas Systems and XALT)
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Future Work

« Remainder of FY18

— Demonstrate baseline fabrication procedure for Ni-rich NMC cathodes via
aqueous processing and good electrochemical performance in pouch cells.

— Characterize contact angle of electrolyte on electrodes.
— Characterize electrolyte wetting into electrodes.
— Analyze effect of laser structuring design on energy and power density.

* Into FY19
— Fabricate thick electrodes with various active material particle sizes.

— Optimize processing conditions for Ni-rich NMC cathodes via aqueous
processing.

— Develop and integrate unique electrode architectures to graphite anodes.
— Demonstrate electrochemical performance in large format pouch cells.

— Integrate next-generation active materials such as heterostructured and
disordered cathodes.

« Commercialization: Highly engaged with potential licensees; high likelihood of
technology transfer because of significant cost reduction benefits and equipment
compatibility; 2 patents issued.

o o OAK RIDGE | ¥2e 8z rarion
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Summary

« Objective: This project facilitates lowering the unit energy cost by up to 17% by addressing the
expensive electrode coating and drying steps while simultaneously increasing electrode thickness.

« Approach: Develop green manufacturing with tailored electrode architectures to enable
implementation of aqueous processed thick electrodes for high power performance.

— Understand mass transport limitation in high energy electrodes.

— Develop electrode formulation and processing to enable thick electrode manufacturing.

— Develop tailored electrode architecture to overcome mass transport limitation.

— Integrate aqueous processing with high energy high voltage cathode materials.

— Demonstrate and validate electrochemical performance in large format pouch cells.

— Characterize surface energy of electrodes and evaluate electrolyte wetting in thick electrodes.

« Technical: Fabricate thick and crack-free NMC532 cathodes (4 mAh/cm?) via co-solvent;
Demonstrate 225 Wh/kg in pouch cells with NMC532 and graphite electrodes; Characterized
compatibility of NMC811 with aqueous processing; Demonstrated excellent rate performance and
cyclability of aqueous processed NMC811 cathodes; Created laser structured electrodes;
Characterized surface energy of electrodes.

* Collaborators: Extensive collaborations with national laboratories, universities, lithium-ion
battery manufacturers, raw materials suppliers, and coating producer.

« Commercialization: 2 patents issued; high likelihood of technology transfer due to significant
cost reduction benefits and equipment compatibility.
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Selected Responses to Specific FY17 DOE
AMR Reviewer Comments

 Second reviewer commented that a broad group of partners is working on this project, the roles of
several of the partners are specifically identified, and the future roles of industrial partners are
mentioned. There are no explicit details about how the partners actually interact or how often.
— Details about the actual interaction and frequency for FY18 have been recorded in slide 16

« Fifth reviewer commented that the project approaches the goals from multiple angles and addresses the
cost and performance barriers. However, some of the directions may be straying from the goals. For
example, it is not clear if the laser structuring of the electrode will not completely cancel the cost
advantages and throughput of aqueous processing. An approach based on slurry formulation and
coating conditions would be less inexpensive in mitigating the power and polarization issues.

— The reviewer was right. The laser structuring will introduce additional processing cost and reduce the
throughput. However, this is to address mass transport limitation in thick electrodes which also exists
in NMP-based processed electrodes. There is still cost reduction in laser structured and aqueous
processing. In addition, we are another approach based on NMP based slurry formulation (bat266) in
mitigating mass transport issue. Once the technique is developed, we will leverage the technology with
aqueous processing.

* Fourth reviewer pointed out that laser structuring for electrolyte transport inside electrodes will improve
C-rate capabilities, but also will have a negative impact on energy density and cost of electrodes. The
reviewer asked if it were possible to quantify these impacts.

— Yes, it's possible to quantify the loss in energy density. A similar work can be found in Journal of the

Electrochemical Society, 164(7) (2017), A1339-A1341. The energy and power density at high rate is
actually increased.
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